ABSTRACT. The importance of phytoplankton, benthic microalgae, fresh and salt marsh emergent plants, and terrestrial organic matter to the estuarine food w e b of Plum Island Sound, Massachusetts, USA, was evaluated using the stable isotopes of carbon, nitrogen and sulfur. Three distinct regions of the estuary were examined: the oligohaline upper estuary with high freshwater inputs and fringing fresh marsh, the middle estuary with extensive salt marsh, and the lower estuary with a greater proportion of open bay and a direct connection to open ocean. In each region, sources of organic matter for pelaglc and benthic aquatlc consumers were compared with the range of organic matter sources available in the entire estuary. Consumers in all regions relied most heavily on locally produced organic matter. In the upper estuary, most consumers had 613C values of -29 to -2 1 ' L and 634S values of about 8?L, whlch indicated dependence on a mixture of fresh marsh emergent vegetation and phytoplankton from the oligohaline region. In the middle and lower estuary, consumers had 613C values of -23 to -1 5 ' k and 634S values of 5 to 154., resembling a mixture of Spal-tina spp., benthic m~croalgae and marine phytoplankton. Terrestrial organic matter was of minimal importance in the upper estuary and was not evident in the food webs of the middle and lower estuary. The isotopic values of pelagic consumers reflected a greater dependence on phytoplankton than those of benthic consumers, which were closer to fresh or salt marsh emergent vegetation and benthic microalgae. Several of the patterns revealed by examination of organic matter sources for the food w e b of the Plum Island Sound estuary have implications for our general understanding of estuarine food webs. First, while there is substantial spatial heterogeneity in organic matter sources within a single estuary, consumers tend to utilize sources of organic matter produced In the same region of the estuary in which they reside. Second, consumer dependence on terrestrially derived riverine organic matter is minimal, even in the relatively small region of the estuary where ~t s availability is the highest Third, benthic and p e l a g~c organisms rely on different mixes of organic matter sources.
INTRODUCTION
Despite years of research on the habitat use and feeding ecology of many abundant estuarine animals, we still do not know which plants form the base of food webs that support high levels of secondary productivity in estuaries. Terrestrially derived organic matter carried by rivers, high in situ phytoplankton or benthic microalgal production, and abundant biomass of marsh plants cycled through a detrital pathway all have been proposed to explain high production of estuarine consumers (Nixon et al. 1986 , Day et al. 1989 , Keller et al. 1990 , Mallin & Paerl 1994 , Deegan et a1 1995 . Although hypothesized to be important (Hackney & Haines 1980 , Armstrong 1982 , Ittekkot 1988 rivenne particulate organic matter (POM) appears to be a small component of most estuarine food webs (Coffin e t al. 1989 , Fry et al. 1992a , Peterson e t al. 1994 . The importance of phytoplankton and benthic microalgae are indicated by their high palatability and the short, efficient nature of algae-based food webs leading to fish (Ryther 1969 , Keller et al. 1990 , Mallin & Paerl 1994 . The importance of material derived from emergent salt marsh vegetation is supported by direct evidence of detrital utilization by consumers (Tenore & Hanson 1980 , Tenore 1983 , Couch 1989 , Deegan et al. 1990 ) and by calculations that indicate salt marsh vascular plant production must be included in total estuarine production to explain fish yields (Nixon 1988) . Others have argued that because of energy losses associated with the detrital food chain, and the low quality of the material by the time it reaches the open water area of an estuary, emergent marsh and terrestrial inputs cannot be a great source of food support to fishes (Peterson & Howarth 1987 , Day et al. 1989 .
The spatial complexity of estuaries, variations in water and organic matter exchange, and multiple potential organic matter sources all complicate the determination of the relative importance of organic matter sources that support estuarine consumers. Carbon, nitrogen and sulfur stable isotopes of organic matter have proven useful as tracers of organic matter for our understanding of food web structure in a variety of aquatic ecosystems. The use of stable isotopes to determine food web structure j.nvolves the comparison of stable isotope ratios between consumers and food resources and requires distinct differences in isotopic values among food resources. Early studies using just the stable carbon isotope were limited in their ability to differentiate organic matter sources because a mixture of terrestrial (613C --27%0) and salt marsh (6I3C --13%0) organic matter yielded organic matter with a 6I3C similar to marine phytoplankton (S1" --21%) (Peterson et al. 1980 , Peterson & Fry 1987 , Michener & Schell 1994 .
Multiple stable isotope comparisons provide significantly more power to resolve food web structure than does a single isotope approach (Peterson et al. 1985) . In estuaries, 6I3C and 634S are most useful in the discrimination of phytoplankton from terrestrial, marsh and benthic algae (Fry & Scherr 1984 , Gearing 1988 , Michener & Schell 1994 . For carbon, the FI3C range is generally widest among algae groups such as benthic microalgae, macroalgae and phytoplankton which fix carbon from a variable 613C DIC (dissolved inorganic carbon) pool in the estuary (Maberly et al. 1992 , Goerike et al. 1994 , Lajtha & Marshal1 1994 . Benthic microalgae tend to be more enriched in 613C than phytoplankton because of boundary layer effects which cause reduced isotopic fractionation due to the greater diffusiona1 resistance of CO, or HC03-in less turbulent environments (Maberly et al. 1992 , France 1995a . Plants in terrestrial and marsh habitats are more tightly constrained because they fix atmospheric 13C02 (Lajtha & Marshal1 1994) . In contrast, variability of 634S is highest among marsh plants (634S typically -10 to +5%0) that derive sulfur from a more variable and usually light 634S inorganic sulfur pool in the sediments. Variability of 634S is lowest in macroalgae and phytoplankton (634S -+18%) because they use seawater sulfate. 634S values for benthic microalgae are intermediate in range (4 to 14%o) depending upon the proportions of reduced sulfur and seawater sulfate at the sediment/water interface (Sullivan & Moncreiff 1990 , Currin et al. 1995 , Newel1 et al. 1995 . Thus, stable sulfur and carbon isotopes may help differentiate benthic versus pelagic and vascular plant versus algal sources.
Dual isotope plots of S15N versus 6' " may be helpful in resolving marine versus terrestrial sources of organic matter (Fry & Scherr 1984 , France 1995b ) and determining trophic level (Fry & Scherr 1984) . The naturally occurring range of F15N in plants is smaller than that of 613C (Gearing 1988) . Within estuaries the differences in S15N between primary producers are small (Fry & Scherr 1984) ; however, terrestrial organic matter (-0 + 2%0) is significantly lighter than estuarine organic matter (Fry & Scherr 1984 , Schoeninger & DeNiro 1984 , Michener & Schell 1994 . Shifts in isotope ratios associated with trophic fractionation must be accounted for when comparing the isotopic ratios of consumers to food sources (Peterson & Fry 1987 , Michener & Schell 1994 . 613C and 634S undergo little further fractionation (<lYm per step) with food assimilation, while S15N changes are larger (-2 to 4% per trophic step) and more variable (Minagawa & Wada 1984 , Peterson & Fry 1987 , Michener & Schell 1994 .
Our goal in this paper is to present a view of the spatial variation in use of organic matter sources in food webs of estuanes. Our hypothes~s was that the isotopic composition of consumer organisms would reflect the locally produced organic matter. To test this hypothesis, w e completed stable isotope (613C, 6I5N, and 634S) analysis of producer and consumer organisms in the upper, middle and lower estuary of Plum Island Sound.
STUDY AREA
The Plum Island Sound system, Massachusetts, USA (Fig. l ) , is a productive riverine salt marsh estuary. The estuary has a vertically well-mixed water column and a horizontal salinity gradient that ranges from 0 to 32 ppt. The system has a mean tidal range of 2.6 m and mean depth of 1.6 m at mean low water. The Parker River contributes an average discharge of -1 m-3 S-'. The upper estuary is characterized by terrestrial inputs of DOM (dissolved organic matter) and POM, and is dominated by Typha latifolia and Scirpus arnencana tidal freshwater marshes with fringing Spartina alterniflora along the river banks. The middle estuary is a typical New England salt marsh consisting of S. alterniflora along the creek banks and Spartina patens in the high marsh, with productivities around 600 to 700 g dry wt m-' yr-' (Montagna & Ruber 1980) and extensive intertidal mud and sand flats. The lower estuary is an open bay with steep shores, sand flats and little salt marsh. Phytoplankton and nutrients have distinct seasonal cycles and show consistent patterns along the salinity gradient. Nitrate is higher at the freshwater end and lower at the marine end, while NH,' shows a pattern of regeneration in the middle estuary (Vorosmarty & Loder 1994) . Typical midsummer, middle estuary values for NH4+ are 5 to 20 PM, while NO3-values are 1 to 10 FM. High phytoplankton biomass is present in the upper estuary in summer (Wright et al. 1987) . During the summer, chlorophyll a concentrations in the upper estuary are often greater than 25 pg chl a 1-l. In the middle estuary, water column chl a is relatively low ( c 5 1-19 chl a I-') considering the levels of available nitrogen, but fairly typical when compared to estuaries of similar tidal range (Wright et al. 1987 , Monbet 1992 . Edaphic alga chl a values are low in the mudflats of the upper estuary (peak summer values of -20 mg chl a m-2), high in mud-sand flats in the middle estuary (-70 m g chl a m-') and low again in the exposed sandy flats of the lower estuary (-20 mg chl a m-', authors' unpubl. data). Macroalgae, such as Ulva sp., Enteromorpha sp. and Cladophora sp., although present throughout the system, are incidental and appear to taceans. Blue mussels Mytilus edulis and soft shell contribute little organic carbon to the system. clams are the prevalent bivalves. DOC (dissolved organic carbon) composition along the salinity gradient reflects the contribution of primary producers to the organic matter budgets. The METHODS riverine concentrations of DOC are high (800 FM), while marine concentrations are low (100 pM, Fry et al.
Sample collection and preparation. Samples for sta1992a). Based on stable isotope evidence, 2 withinble isotope analyses were collected during the summer estuary sources of DOC, one in the upper estuary from (June to August) of 1993, with some additional summer the oligohaline phytoplankton bloom and one in the collections in 1994 and 1995 in the middle reach of the middle estuary from a mixture of estuarine phytoestuary. Samples in the middle estuary were taken in 2 plankton and Spartina spp., are important (Fry et al. sub-regions: Midl-along the main stem of the Parker 1992a, Peterson et al. 1994) .
River; and Mid2-along the Rowley River. Data Fauna are abundant and diverse throughout the from these 2 sub-regions are presented separately in estuary. In all, 28 species of fish have been recorded Table 1 ; however, preliminary examination of the data in the lower and middle estuary and another 10 from indicated no difference (p > 0.05) between these 2 subthe upper estuary (Jerome et al. 1968, Deegan regions, and the data were combined under Middle in unpubl. data). The zooplankton and benthic fauna are all analyses. Samples collected included sediments, typical of shallow estuaries in the Gulf of Maine, USA water for seston, standing live marsh plants, inverte- (Jerome et al. 1968 Water samples for seston P015N and PO1'C (particucana. Many of these species are present as larvae and late organic I5N and I3C, respectively) analyses were juveniles and grow rapidly during the summer vacuum filtered until clogged onto precombusted months. As is typical of an upper estuary (Day et al. (500°C) GF/F filters. Filters were acidified with several 1989), the benthic community is reduced in species drops of 1 N HCl, dried, and stored in a desiccator. richness compared to the lower or middle estuary and Green tissue of live plants was collected by hand. Plant the bivalve community is absent (Jeffrey Hughes, samples were washed free of mud and debris and then Marine Biology Laboratory, Woods Hole, MA, pers.
dried. Ground plant tissue samples for 634S were rinsed comm.). The dominant crustacean macrofauna are in deionized water to remove seawater sulfate and white-fingered mud crabs Rhithropanopeus harrisii, redried. Zooplankton samples were collected using a amphipods Gammarus tigrinus and sand shrimp plankton net (330 pm, 0.5 m diameter hoop). ZooCrangon septemspinosa. In the middle estuary, the plankton samples were initially resuspended in water fish community is dominated by estuanne species collected from the respective station. Zooplankton such as Atlantic silversides, mummichogs, winter were separated from phytoplankton and detritus by flounder, three-spined sticklebacks Gasterosteus aculight migration and hand picking, then vacuum filtered latus, blackspotted sticklebacks Gasterosteus wheatonto precombusted (500°C) GF/F filters and dried. landi and bluefish. The macrofaunal crustacean cornZooplankton samples for 634S were rinsed with deionmunity is dominated by sand shrimp and green crabs ized water during the filtering process. A 10 m beach Carcinus maenus. The conspicuous filter feeding seine (4.7 mm mesh) and a small boat with a 4.8 m bivalve species are ribbed mussels Modiolus demissus trawl (15.8 mm net with 4.7 mm cod end mesh) were along the marsh banks, soft shell clams Mya arenana used for fish and crustacean collections. Other macroin the tidal flats and oysters Crassotrea virginica in fauna were collected by hand. Fish used for stable isothe river channel. In the lower estuary, the nearshore tope analysis were restricted to young of the year so fish community is dominated by typical estuanne spethat their tissue would most likely reflect recently cies such as Atlantic silversides and mummichogs, but acquired food sources. Macrofauna and fish tissue also includes sizable populations of menhaden samples were dissected for muscle tissue. Ground aniBrevoortia tyrannus, smelt Osmerus rnordax, winter mal tissue samples for 634S were rinsed in deionized flounder and blackspotted sticklebacks. Sand shrimp water to remove seawater sulfate and redried. Animal and green crabs are again the dominant macrocrus-613C tissue samples that were suspected to have car- Table 1 lsotoplc values ( X 0 ) for s e d~m e n t s part~culate organlc matter (POM), prlmary producers and consumer o l g a n~s m s [ h e n t h~c bonate contamination were acidified with 10% HC1 and redried. Isotope measurements. Isotope analyses were conducted on pooled samples of the same species from a single collection date and site. Pooled samples provided an integrated population estimate of natural stable isotope abundance and enough material for sulfur isotope analyses. Occasionally replicate analyses were run on pooled individuals collected from the same site but at a different time.
Plant, animal, sediment, and POM samples for 6I5N and 6I3C were analyzed using an automated elemental analyzer with a cryogenic purification system coupled to a Finnigan Delta S isotope ratio mass spectrometer (Fry et al. 199213 ). Plant and animal samples for ti3'S were analyzed on a Finnigan MAT 251 as SO2 using sealed tube combustion, BaSO, precipitation and decomposition to SO2 (Dornblaser et al. 1994 ). All isotope analyses were performed at the Stable Isotope Laboratory, Marine Biological Laboratory, Woods Hole.
Stable isotope ratios are expressed in F notation according to the following:
where X is I3C, 3 4~, or I5N and R is '3C:12C, 34S:32S, or 15N:14N. Standards are Peedee Belemnite for C, Canyon Diablo triolites for S, and air for N. Analytical precision was k0.1 %O for 6I5N and 6I3C, and +0.2%0 for 634S.
Data analysis. The 6I3C and F3'S data were tested for differences between region (upper, middle and lower estuary) and feeding zone (benthic or pelagic, Table 1 ) using 2-way ANOVA (Zar 1984) . The 615N data were analyzed using region and trophic level (plant and primary, secondary or tertiary consumer) as main factors. All analyses included a n interaction term, and significance level was cc = 0.01. Tukey's procedure was used to test for differences in mean values. To prevent overrepresentation of a single species in the ANOVAs because of replicate sampling, replicate values of the same species from a region or sub-region were averaged and the average value used in ANOVAs.
Dual stable isotope plots of sulfur versus carbon and nitrogen versus carbon for the plant sources of the Plum Island Sound estuary were used to examine sources of organic matter (Fig. 2) . Typical isotopic ranges (depicted by boxes in Fig. 2 1990, Currin et al. 1995) . The isotopic ranges help to provide estimates of isotopic values for some primary producers (phytoplankton and benthic microalgae) when it was either too difficult to get a clean enough sample or when there was insufficient sample material. These plots were used in conjunction with ANOVA and life-history information of individual species to infer food web relationships in the 3 regions of the estuary.
RESULTS

Primary producers
The C, plants Spartina altel-niflora and Spartina patens had a n average 6I3C value of -13.9%0 with little variation (-12.9 to -15.8%0). In the upper estuary, C3 fresh marsh plants were depleted compared with both Spartina species. The 2 dominant fresh marsh plants (Table 2 ). ranged from 3.2 to 6.8% with no apparent difference Upper estuarine pelagic primary consumers, zoobetween C3 and C, plants. 6% of macroalgae was plankton and water boatmen, had 6l" values of -26.5 between 5.8 and 8.8%0, while 615N values for POM and -25.2%0, respectively. The pelagic secondary conranged from a low of 2.7 %O in the middle estuary to a sumers, three-spined sticklebacks, blueback herring high of 6.7% in the upper and lower estuary. The value and Atlantic silversides, had highly depleted 613C valfor red oak (1.3%~) was lower than the average value ues of between -28.9 and-28.2%0. Amphipods, benthic for all estuarine plants (5.1 i 1.?%0).
primary consumers, had a 6I3C value of -24.3%0. The Stable sulfur isotope ratios of plants were more vanbenthic secondary consumers, white perch, whiteable than those of carbon (Table 1) 6'" values than the other pelagic secondary conflora varied the most, with ratios between -5.1 and sumers, perhaps indicating that they consumed more Spartina patens was almost as variable as S.
of a mix of food from both the pelagic and benthic food alterniflora, with values between +3.6 and +8.4%0.
webs than the other pelagic consumers. Carex sp., Typha latifolia and Scirpus americana had low S3,S values between +0.2 and +1.4%0. The 6 3 4~ of macroalgae Table 2 . Two-way ANOVA and means for consumer 6I3C and S3% values. ranged from +1?.9 to +19.1%u. Not Main factors were region (upper, middle, and lower estuary) and feeding enough material was obtained to measure zone (benthic or pelagic). ' p = 0.01. Means followed by the same superscript 634S on the POM samples. Red oak had a letter are not significantly different (p < 0.01, Tukey test) 634S value of +6.6%0 which is typical of terrestrial plants.
Surficial sediments
The 6I3C value of -22.9%0 for surface sediments in the upper estuary suggested a greater incorporation of depleted '3C material compared to the middle estuary, which had heavier surface sediment 6I3C values of -20.1 to -19.4%0. Surface sediment 615N values were heaviest in the middle estuary at the Mid1 sub-region (7.8%0) and were lighter in the middle estuary at the Mid2 sub-region (3.1%0) and in the upper estuary (4.2%). Sediment samples were not analyzed for P 4 S Ner-ejs sp., a benthic deposit feeder and facultative suspension feeder, had a 613c of 1 ? . 0 % 0 .
Littorina saxatilis, which feeds on benthic diatoms and Spartina spp., had a 6I3C of -16.5%0. The range of 6I3C for benthic secondary consumers in the middle (-16.8 to -15.5%0) and lower (-17.8 to -15.3%0) estuary were similar.
615N values were correlated with trophic level rather than region within the estuary (Table 3 ). The range of 6"N values for consumers (6.2 to 14.4%0) was almost identical across all sites (Table 1) and enriched compared to plant sources (Table 3, Fig. 3 ). Primary consumers had an average 615N value of 7.81L while secondary consumers averaged 11.0%0 and tertiary consumers averaged 11.5 %O (Table 3 ). An isotopic shift of -+3%o (Fig. 3) d u e to assimilation of nitrogen was observed between plants and primary consumers, and primary and secondary consumers; however, the trophic shift between secondary and tertiary consumers was less than 0.5%0. The low 6I5N value for tertiary consumers probably reflects a limited sample of tertiary consumers (bluefish only) as well as their consumption of a diverse spectrum of prey items from both the primary and secondary consumer groups.
The 634S values in consumers ranged from 5.3 to 15.4% across all habitats ( (Table 3) probably due to greater seawater sulfate availability in the lower estuary. Within regions, 634S values were more enriched in pelagic consumers than benthic consumers, except in the upper estuary ( Table 2 ). The upper estuary had the least variable distribution, with 634S values clustered around a mean of 8.6%0 (Tables 1 & 2) .
Multiple isotope comparisons
Middle and lower estuary
The 613C and &34S values for consumers in the middle and lower estuary are aligned between marine phytoplankton, benthic rnicroalgae and Spartina spp. organic matter sources, with some influence of oligohaline phytoplankton in the middle estuary (Fig. 4) . The combination of depleted 613C values (-22%0) and slightly enriched 634S values (+ 10%0) in some pelagic consumers in the mlddle estuary may indicate the influence of oligohaline phytoplankton advected downstream.
Assuming the usual trophic enrichment ( + 2 to +4%0 per trophic level) between consumers and their presumed food, the 615N values for primary consumers between 6 and 9%0, and for secondary consumers between 9 and 12%0, indicated use of estuarine-produced organic matter with a 615N value around 5%0 (Fig. 5) . Zooplankton had 6j5N values that averaged 2.8%0 higher than POM. Atlantic silversides (11.3%0) had average 6I5N values that were 3.3%" higher than zooplankton.
Consumer 634S and 613C isotope combinations indicated benthic and pelagic consumers tended to depend on different organic matter sources (Table 2 trial organic matter was not important to consumers in the middle and lower estuary.
Upper estuary
The 6' " and 634S ratios of consumers in the upper estuary were arrayed between oligohaline phytoplank-ton, terrestrial organic matter, fresh marsh, Spartina spp. and benthic microalgae. Most organisms in the upper estuary had carbon isotope values between -29 and -23%0 which indicated the use of oligohaline phytoplankton, fresh marsh or terrestrial organic matter (Fig. 4) . Assuming the usual trophic enrichment (+2 to +4 %O per trophic level) between consumers and their presumed food, the F15N ratios of the primary consumers indicated the use of organic matter sources with 615N values closer to 5% (estuarine sources) not 0 % (terrestrial sources) (Fig. 5) . Zooplankton had 615N values (9.7%0) that were 3%0 higher than the values for POM. Amphipods had F15N values (?.6%0) that were 2.1 %O higher than fresh marsh plants. The 634S values in consumers with FI3C isotope ratios between -29 and -23%0 did not allow us to resolve that any POM source was dominant. All consumers had sulfur values around +8%0, which could be derived from many different combinations of oligohaline phytoplankton, benthic microalgae, fresh marsh and terrestrial organic matter. A few organisms had carbon isotope values more enriched than -23%0 (the lower expected value for fresh marsh), which indicated influence of either Spartina spp., benthic microalgae or marine phytoplankton. The depleted F34S values (+5 to +8%0) and benthic feeding characteristics of these consumers suggested that Sparfina spp. or benthic microalgae were the most probable organic matter sources (Fig. 4) .
In contrast to the lower and middle estuary, isotopic values for 634S were less different among benthic and pelagic organisms in the upper estuary (Table 2, Fig. 4 ) but were different for 6I3C. The isotopic values for zooplankton were consistent with a mix of oligohaline phytoplankton and fresh marsh organic matter, assuming terrestrial organic matter is not important based on the FI5N ratios. Benthic amphipods Gammarus tigrinus had isotope values very similar to zooplankton, although the heavier Fi3C value indicated slightly more use of fresh marsh organic matter than zooplankton. Water boatmen, which are suspension feeders, fed on a mix of phytoplankton and suspended fresh marsh detritus.
Isotope values of consumers common to all regions
The isotopic values of organisms common to all 3 regions changed in a pattern consistent with predominant assimilation of locally produced organic matter (Fig. 6) . The 613C values for all species showed a strong shift towards lighter values in the oligohaline habitat compared to the middle estuary or lower estuary habitats. For example, the pelagic zooplanktivores (Atlantic silversides, sticklebacks and herring) all show a strong shift in their F13C values from -18 to -20%0 in the middle a n d lower estuary to -28 to -30%0 in the upper estuary consistent with a change from marine to oligohaline phytoplankton a s the base of the pelagic food web. The benthic feeders (winter flounder, mummichogs and sand shrimp) show a shift in their 613C values from --16%0 in the middle and lower estuary to -22 to -24%0 in the upper estuary consistent with a change from Spartina spp. and benthic microalgae to fresh marsh as contributors to the base of the benthic food web. The pattern of 6I5N values indicated that broad relative trophic position (primary, secondary or tertiary consumer) is similar across all regions for individual specles (Fig. 5) . The 634S values change as expected along the tidally influenced gradient, with pelagic organisms from the middle and lower estuary usually having enriched 634S values compared to individuals of the same species from the upper estuary (Fig. 6 ) .
DISCUSSION
Several of the patterns revealed by examination of organic matter sources for the food web of the Plum Island Sound estuary have implications for our general understanding of estuarine food webs. First, while there is substantial spatial heterogeneity in utilization of organic matter sources within a single estuary, consumers tend to use organic matter produced in the same region of the estuary in which they reside. Second, consumer dependence on terrestrially derived riverine organic matter is minimal, even in the relatively small region of the estuary where its availability is the highest. Third, benthic and pelagic organisms relied on different mixes of organic matter sources. Comparison of the stable isotopic composition of food webs among estuaries indicates that the relative importance of emergent salt marsh plant and algal organic matter may be influenced by hydrology.
Importance of local sources of production Most primary producer 6I3C, S1'N, and 634S values (Table 1) were reasonably distinct and typical of the C3 and Cq plant groups which allowed us to use stable isotopes to infer organic matter use by consumers. For example, the 613C of oak leaves was similar to other 613C measures of terrestrial plants (Coffin et al. 1989 ) and the 6I5N was distinctly lower than the average value for all estuarine plants, as expected. 6I3C for phytoplankton (POM) varied across the estuary in a predictable manner based on 613C DIC values and the approximately -20%o fractionation associated with Cg plant uptake of DIC . 6I3C DIC values ranged from -10 to -15%0 in the upper estuary to near 0% at the lower estuary and offshore (Fry et al. 1992a, C. Hopkinson unpubl. data) and the 613C of POM ranged from -27.9 to -20.1%0. Fry et al. (1992a) estimated the 6I3C value of phytoplankton in upper estuary to be about -35% based on their contribution to the FI3C of the DOC pool. 6I3C values for bulk POM measured in the present study are heavier than phytoplankton values estimated by Fry et al. (1992a) , perhaps reflecting a detrital component to POM or differences in 613C DIC between the years of sampling. 6I3C values of -30 to -48%, have been measured for freshwater phytoplankton (Rau 1978 , LaZerte 1983 . Reported measurements of estuarine phytoplankton have 6I3C values between -22 and -30% and 613C values of -22Ym are typical of marine phytoplankton (Matson & Brinson 1990 ). Although we were unable to measure the 634S of phytoplankton, we assumed it would have 634S values similar to macroalgae from the same region because both obtain their sulfur from seawater (Peterson & Fry 1987 , Michener & Schell 1994 . Unfortunately, we did not obtain enough material to measure the stable isotope composition of benthic microalgae. We infer the isotopic values for benthic microalgae from the literature (Sullivan & Moncreiff 1990 , Currin et al. 1995 and from a recent sampling (August 1996) in the upper estuary (6I3C, -17.7%0, Jeffrey Hughes pers. comm.).
Consumers in all regions of the estuary relied most heavily on locally produced and available organic matter. Over the length of the estuary, the use and importance of organic matter gradually changed from oligohaline phytoplankton and fresh marsh organic matter in the upper estuary to oligohaline phytoplankton, benthic microalgae and salt marsh in middle estuary to marine phytoplankton, benthic microalgae and salt marsh in the lower estuary. Some downstream transport and use of oligohaline phytoplankton was apparent in the middle estuary and some transport and use of emergent salt marsh plant material was apparent in the lower estuary. Terrestrial organic matter was not evident in the food webs of the middle and lower estuary and was of minimal importance in the upper estuary.
Other studies have also noted the importance of local production to individual organisms. Peterson et al. (1985) observed that ribbed mussels in a salt marsh creek had isotopic ratios indicating use of salt marsh organic matter, while those nearer the mouth of the estuary used marine phytoplankton. Ruckelshaus et al. (1993) found that growth and 6I3C values of blue mussels corresponded to differences in the abundance and 613C values of local producers, suggesting that Padilla Bay, Washington, USA, mussels rely primarily on local sources of carbon for food. Examination of 613C and 6I5N in biota from the Nanakita River estuary (Japan) revealed a strong marine primary production component for marine consumers in lower reaches of this watershed and contributions of vascular marsh plant Deegan & Garritt: S p a t~a l varla lblllty ~n estuarine food webs 4 3 material to suspension and surface deposit feeders (Wada et al. 1993) . The importance of fresh marsh and oligohaline phytoplankton to common estuarine species in the upper estuary was unexpected. The unique and consistent isotope values for common estuarine fishes in the upper estuary are an indication that fish move into this reach, grow and remain there during the summer season. Both fish and crustaceans have isotopic compositions that are relatively stable and modifled mainly by growth (Tieszen et al. 1983 , Hesslein et al. 1993 . As a result, a migratory animal wlth slow growth may occupy a n area for an extended period of time before the isotopic signature is altered. Conversely, a rapidly growing animal will quickly come into equilibrium with the new food sources. In a 2 yr survey of the abundance of fish and crustaceans across the estuary, we found that Atlantic silversides, sticklebacks, blueback herring, winter flounder, mummichogs, and sand shrimp all migrate into the oligohaline area in the spring (authors' unpubl. data). These species were captured in the oligohaline reach throughout the summer and individuals progressively increased in size, indicating either growth of a resident population or the immigration of larger individuals throughout the summer. The shift in isotope values of these organisms from those typical of higher salinity estuarine areas to those typ~cal of the ol~gohaline reach indicate that they immigrate in the spring, remain, and grow in this area for the summer. Residence t~m e in a particular habitat has been established for very few species (Fry 1981 , Weinstein 1983 , Weinstein & O'Neil 1986 , Deegan et al. 1990 , Murphy 1991 , Saucerman & Deegan 1991 . The isotopic values strongly imply the establishment of summer resident populations of winter flounder and n~ummichogs in the upper estuary similar to that which occurs in higher salinity regions (Butner & Brattstrom 1960 , Lotrich 1975 , Saucerman & Deegan 1991 , Murphy 1991 . The high growth rates and extended length of stay indicate the upper estuary serves as a juvenile rearing habitat for these species.
Role of terrestrial organic matter in estuarine food webs
Consumer dependence on riverine terrestnally derived organic matter is minimal in Plum Island Sound, even in the upper estuary where its availability is the highest. Assuming similar trophic level fractionation of 15N in the ass~milation of terrestrial and estuarine salt marsh detritus, it appears that terrestrial organlc matter is not an important source to higher trophic levels in the estuary. Our data on the trophic fractionation between zooplankton and POM of around 2%0 is close to that observed for zooplankton in other systems (Goering et al. 1990 , Kling et al. 1992 , indicating this was the most likely food source for these organisms. Similarly, the combination of C and N isotopes indicated little evidence that terrestrial organic matter contributes in any measurable way to the isotopic composition of consumers in the middle and lower estuary.
Complex food webs with several intermediate steps In the food chaln between terrestrial organic matter and zooplankton are possible. If zooplankton were feeding on bacteria or microzooplankton, which can be expected to have higher 615N values than POM (Rau et al. 1983) , then isotopic values of estuarine consumers may represent use of terrestrial organic matter. Assuming a standard trophic shift of 3%0 per trophic level, the difference between the 615N ratio of zooplankton (-lO%o) and terrestrial organic matter (-1 %") represents a total fractionation of 9%0 or roughly 3 trophic levels. The few published measurements of bacterial 613C or 6 1 5~ available indicate that bacterial fractionation of organic carbon (<1%0) and organic nitrogen (0 to 2%") during decomposition of organic matter is small (Coffin et al. 1989 , Coffin et al. 1994 ) but can be highly variable (Macko & Estep 1984) . The data available suggest that not enough fractionation occurs by the intermediate trophic steps to account for the observed fractionation between zooplankton and terrestrial organic matter. If microorganisms degrading poor quality plant detritus (high C:N:S ratio) obtain their nitrogen from the water column (Tupas & Koike 1990 , Hoch et al. 1992 , White & Howes 1994 , then predicting the 615N value for microbes requires a n estimate of microbial fractionation during uptake of NH,' and the 615N value for NH,+. If the 6% value of DIN was near 5%0 (the midpoint of fresh and marine 6I5N for DIN; Coffin et al. 1994 , Nadelhoffer & Fry 1994 and fractionation was near O%O (as found in other estuaries at similar nutrient concentrations, Cifuentes et al. 1988 , Hoch et al. 1992 , then the predicted 6I5N values would be: terrestrial organic matter ( l % o ) + bacteria (6%0) 1 microzooplankton (9%0) i zooplankton (12%0) + fish consumer (15%") These predicted values for zooplankton and fish are about 1 trophic level higher than the measured values for Plum Island Sound organisms, indicating this is not the dominant pathway. This does, however, highlight the need for a better understanding of microbial and microzooplankton components of food webs.
The lack of an important role of terrestrial organic matter in the upper estuary food web was consistent with 6'" nnleasures of bacteria and DOC in Plum Island Sound (Coffin et al. 1989 , Fry et al. 1992a . Peterson et al. (1994) suggested that bacterial populations in the upper estuary were responding to the inputs of highly labile material from the marsh and oligohaline phytoplankton, not inputs of sedimentation and benthic algal and marsh detritus low quality terrestrial organic matter. In addition, mearesuspension also contribute to the mixing of organic surements of S13C of bacteria from the upper estuary matter between the benthic and pelagic regions. This (-11 to did not indicate a significant use of terresults in a continuum of consumer isotopic signatures restrial organic matter (Coffin et al. 1989) .
with general tendencies between several particular Several studies that examined the importance of organic matter sources rather than a tight clustering riverine borne organic matter found this material was about a particular organic matter source. of minimal importance to higher trophic levels in estuaries (Incze et al. 1982 , Simenstad & Wissmar 1985 , Conkright & Sackett 1986 , Bunn et al. 1989 is a result of the relative digestibility of these 2 sources (Incze et al. 1982) . Based on the isotopic ratios of a suite and the physical control of estuarine circulation and of organisms, Bunn et al. (1989) concluded that despite productivity by hydrology. Salt marsh vascular plants the large export of terrestrial organic matter by an Arcare not as digestible as algal organic matter and a tic river, terrestrial carbon did not make a significant large proportion of this material is mineralized by contribution to the estuarine food web.
microbes (Tenore & Hanson 1980 , Tenore 1983 , Mann 1986 , Newel1 & Langdon 1986 , Newman 1991 . Because of its higher digestibility, algal material is used Use of different organic matter sources by benthic in more direct and shorter food web paths to higher and pelagic organisms trophic levels (Mann 1986 , Keller et al. 1990 ). Thus, if algae and salt marsh vascular plant production were of We found that emergent marsh and benthic algal similar magnitude and equally available, we would organic matter sources were more important to benthic expect algae to disproportionately contribute to the organisms while phytoplankton was more important to production of higher trophic levels. pelagic organisms. Differences in isotopic values
The hydrology of estuaries, however, also influences between pelagic and benthic consumers have been the relative production and availability of producers. observed in other studies in marine systems (Fry & Increased tidal mixing decreases phytoplankton proParker 1979, Fry et al. 1983, Simenstad & Wissmar duction (Monbet 1992) , increases salt marsh vascular 1985, Peterson et al. 1986 ) but have been rarely evaluplant production (Steever et al. 1976 ) and increases ated systematically (Thomas & Cahoon 1993, France transport of Spartina spp, detritus (Schwinghamer et 1995a) . Similar to values observed in our study, al. 1983 study, al. , Peterson et al. 1986 . High depleted 634S values for benthic and enriched 634S valtidal amplitude also favors the development of a ues for pelagic fishes have been observed in offshore diverse and abundant benthic animal community, systems (Thomas & Cahoon 1993) , while enriched 6I3C many of which are detritivores (Warwick 1980 , Wildish values for benthic fish and invertebrates compared to & Peer 1983 , Daborn 1986 , Lopez 1988 , Nixon 1988 . their pelagic equivalents have been documented for Tidal inundation also allows motile organisms, such as offshore coastal regions and seagrass meadows small fish, crabs and shrimp access to the marsh sur- (France 1995a These studies suggest that the relative importance of between benthic and pelagic pathways. Links algae and emergent salt marsh plants in food webs will between benthic and pelagic food webs can occur in vary with tidal amplitude. Essentially lentic conditions many ways. Higher trophic level consumers, such as in low tidal amplitude estuaries favor the development Atlantic silversides and bluefish, often feed in both the and retention of in situ algal production and a food pelagic and benthic regions. Many species found in web more dependent on algal production. An example zooplankton samples are resuspended benthic organof an estuary with weak tidal influence, irregularly isms that feed on detrital material (Heinle et al. 1977, flooded marshes, moderate in utu algal productivity, Roman 1984 , Couch 1989 ). In addition, phytoplankton and a food web dominated by algal organic matter is Graveline Bay Marsh (Mississippi, USA) i n t h e Gulf of Mexico (Sullivan & Moncreiff 1990) . T h e Bay of F u n d y (Nova Scotia, C a n a d a ) is a n e x a m p l e of a macrotidal (10 m tidal amplitude) estuary with a food w e b dominated by benthic organisms a n d d e p e n d e n t o n e m e r g e n t salt marsh plants a n d benthic a l g a e (Schwinghamer e t al. 1983) . Salt marsh estuaries with intermediate tidal r a n g e s should h a v e food w e b s which d e p e n d o n a mix of algal and salt marsh organic matter. Examples of estuaries with intermediate tidal r a n g e s a n d mixed food w e b s a r e Sapelo Island, Georgia (Peterson & Howarth 1987) , Newport River Port Marsh, North Carolina (Currin e t al. 1995), Sippewissett Marsh, Massachusetts (Peterson e t al. 1985 (Peterson e t al. , 1986 ), a n d Plum Island Sound, Massachusetts (this study).
T h e hypothesis that the use of a l g a e a n d salt marsh organic matter is a product of lability a n d tidal mixing is, however, contrary to t h e suggestion that a r e a s with larger a r e a s of salt marsh should h a v e food w e b s m o r e d e p e n d e n t o n salt marsh organic matter. This hypothesis suggests that large a r e a s of marsh m a y b e disconnected from aquatic estuarine food w e b s in low tidal amplitude systems because they a r e infrequently flooded. Tests of this hypothesis could b e accomplished by systematically evaluating food w e b s using multiple stable isotopes in estuaries with a variety of tidal amplitudes a n d marsh a n d algal productivities.
